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INTRODUCTION 
The need to characterize imperfectly contacting interfaces is encountered in a wide 
variety of scientific and engineering problems, as illustrated in Fig. 1. Parts (a)-(c) illustrate 
the stages of diffusion bonding, [1,2] in which the condition of the interface evolves from one 
of isolated contacts at the initial stages of bonding through one containing distributed 
micropores, which exist during intermediate stages, to a state in which the material is fully 
bonded but in which there may be some near-interface microstructural variations. The ability 
to determine the degree to which bonding has passed through these conditions is presently 
needed in NDE of products after manufacturing and could be extended to process control if 
appropriate in-situ sensors were available. Part (d) illustrates the partial contact that can occur 
during fatigue crack growth [3]. Ideally, one might think of the surfaces of the fatigue crack 
as being free of stress. However, plastic deformation of ligaments during the failure process, 
motion of oxide debris, and shearing of the two faces of the crack can all lead isolated regions 
of contact along the crack face. These contacts are important in the fracture process since 
they can influence the loads which act on the tip of the crack during fatigue. From the NDE 
perspective, they can influence the strength of an ultrasonic signal which might be scattered 
by the crack. Part (e) illustrates a classical problem in tribology. Knowledge of the true area 
of contact between two surfaces is an essential ingredient in relating macroscopic variables 
such as applied force to the microscopic force and deformation distributions that exist at the 
interface [4]. Finally, as shown in part (t), interface design is an important aspect of the 
development of advanced engineering materials such as composites. It is often desirable to 
control the mechanical behavior of the interface is such a way that the overall response of the 
material is optimized, and the presence of pores, precipitates or other impurities may play an 
important role in controlling this interface behavior. Nondestructive characterization of such 
interfacial conditions is important in both ensuring the quality of material after fabrication and 
in assessing the degree to which service induced damage has occurred. 
Based on these technological motivations, a canonical measurement problem can be 
defined, as illustrated in Fig. 2. One would like to develop techniques to define the 
dimensions, separations and composition of inhomogeneities in the interface plane. The 
techniques should be able to treat the limits in which the inhomogeneities are isolated (as the 
micropores in the intermediate stages of diffusion bonding) or in which they cover nearly the 
entire interface (as occurs when the surfaces are joined by isolated contacts in the early stages 
of diffusion bonding or during sliding contact). In addition, one would like to be able to 
predict the spatial variation of these parameters, a need which is particularly important in the 
case of fatigue crack closure. 
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Fig. 1. Practical problems requiring characterization of imperfect interfaces. 
a. Isolated contacts during initial stages of diffusion bonding. 
b. Distributed micropores during intermediate stages of diffusion bondig. 
c. Interfacial microstructural variations during latter stages of diffusion bonding. 
d. Contacting asperities in fatigue crack. 
e. Contacting sliding surfaces. 
f. Bonding of a fiber to a matrix. 
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Generic interface showing parameters to be determined. 
This paper is intended to review the present status of our understanding of the 
interaction of ultrasound with this important class of interface structures. Included is a 
discussion of a variety of theories which have been developed to describe the scattering of 
ultrasound from such structures, a brief review of recent experiments on model systems which 
have been performed to critically test these theories, and a discussion of the conclusions 
which have been drawn. The paper concludes with an indication of future research needed to 
allow us to better characterize such interfaces and thereby allow us to satisfy technological 
needs such as those described above. 
THEORETICAL MODELS 
From the theoretical perspective, the measurement problem is illustrated in Fig. 3. A 
wave (either L or T) is assumed to illuminate the interface. Both reflected and transmitted L 
and T wave fields need to be related to the properties of the interface. Although not explicitly 
shown in this figure, the diffusely scattered fields must also be considered. 
For simple geometries such as periodic arrays of cracks, exact solutions can sometimes 
be obtained, e.g. by using integral equation techniques [5,6]. The major emphasis in this 
paper, however, will be on approximate models that have been developed by the author and 
colleagues to treat more complex interface structures for which detailed numerical solutions 
have not yet been obtained. 
In the quasi-static model (QSM) [7,8], the interface is represented by a set of springs 
and masses (Fig. 4A) which can be thought of as representing extra compliance and mass at 
the interface arising from the differences between the material properties of the interface and 
of the surrounding material. If solutions are available for the deformation of the interface 
under static load, the spring constants can be directly computed in terms of the interface 
topology. The QSM is valid in the limit in which the ultrasonic wavelength is large with 
respect to the structure of the interface (e.g. the inhomogeneity size and separation). 
In the independent scattering model (ISM) [9,10], one analyzes the ultrasonic 
interaction with the interface in terms of scattering from the individual inhomogeneities (Fig. 
4B). Thus the reflection and transmission coefficients can be expressed in terms of the 
scattering amplitude for an individual flaw. Often, only single scattering is considered, but a 
few exceptions will be noted in this paper which are based on the double scattering processes 
indicated by the dashed lines. This approach can be expected to be most valid when the 
inhomogeneities are well separated from one another. 
In a third approach, the near interface region can be replaced by a layer with 
appropriately chosen properties (Fig. 4C) [11]. This approach is particularly well suited to the 
treatment of such problems as the final stages of diffusion bonding (Fig. lc), at which time all 
pores and cracks have disappeared but a region of slightly modified properties may remain. 
Adhesively bonded layers are also excellent candidates for such a description. 
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Fig. 3. Interaction of a plane wave with an interface. 
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Fig. 4. Schematic representation of selected theoretical models. 
A. Quasi-static model 
B. Independent scattering model. 
C. Effective layer model. 
A number of variants on these approaches, as well as more sophisticated models, have 
been developed. These will not be discussed in detail in this paper. However, many of them 
are discussed in a recent special issues of the J oumal of Nondestructive Evaluation, as edited 
by Rokhlin [12]. 
EXPERIMENTS ON MODEL SYSTEMS 
An important step in testing the accuracy, determining the region of validity, and 
guiding the development of approximate models such as the QSM and ISM is the conduct of 
experiments on model systems. To this end, measurements have been made on a diverse set 
of samples including periodic arrays of parallel, cylindrical wires in water; periodic arrays of 
parallel, cylindrical voids in iron; a "screen-like" array of voids in iron; a random distribution 
of nickel inclusions in plastic; and a random distribution of yttria inclusions in INI00. A 
detailed description of these samples and of the experimental results obtained on them has 
recently been published by Margetan et al. [13]. No attempt will be made to describe those 
results further here. Instead, they will only be mentioned as their implication on our 
understanding of the merits of the various models is summarized. 
Periodic Arrays of Parallel Wires in Water 
The simplest set of measurements was made on periodic arrays of parallel wires held in 
a wire frame in water. Measurements of the reflection coefficient, as a function of frequency, 
revealed a set of resonance peaks whose positions were predicted well by the ISM. These 
were thus taken to represent the resonance frequencies of individual wires. The fact that the 
absolute level of the reflection coefficient was about a factor of two less than was 
theoretically predicted was believed to be a result of non-planarity of the wires, consistent 
with experimental difficulties in achieving uniform tension in the frame. To test this idea 
further, a sample containing three layers of such wires was constructed and the two way 
transmission (pulse-echo response from a reflector placed behind the array) was measured. 
The measured signal had thus passed through six planes of wires. The results were found to 
be in good agreement with the theory, consistent with the expectation that non-planarity 
should have little effect on transmitted signals. Based on these observations, the following 
conclusions were drawn. 
Transmission measurements are much less sensitive to non-planarity of the 
structure of an interface than reflection measurements. 
Peaks can be observed in the frequency dependence of the reflection coefficient 
which are controlled by the resonance structure of the individual scatterers. 
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Periodic Arrays of Parallel Cylindrical Voids in Iron 
Powder metallurgical techniques were then used to construct two samples containing 
periodic arrays of parallel cavities (of nearly circular cross-section) in iron. Measurements 
were made of the frequency dependence of the reflection coefficient on each sample. The 
frequency dependence of the reflection coefficient consisted of a broad peak on which a fine 
structure was superimposed. At frequencies lower than that of the broad peak, both the ISM 
and the QSM predictions were in good agreement with the experimental observations. The 
general shape of the peak was predicted much more accurately by the ISM, again implying 
that the peak was controlled by the dimensions of the individual cavities. Analysis of the 
frequencies at which the fine structure on this peak occurred indicated that this fine structure 
was a result of double scattering processes in which the ultrasonic wave scattered from one 
void to its nearest neighbor before being reflected back towards the transducer. Evidence for 
propagation as both an L-wave and a T-wave between these neighbors was observed. Based 
on these observations, the following additional conclusions were drawn. 
There is good agreement between experiment and the predictions of both the 
QSM and the ISM at low frequencies. 
For dilute concentrations of scatterers, the ISM makes more accurate predictions 
than the QSM at high frequencies. 
For periodic distributions of inhomogeneities, multiple scattering can make 
significant contributions to the fine structure of the scattering. 
Screen-like Array of Voids in Iron 
The use of powder metallurgy techniques was then extended to create a 
two-dimensional, periodic array of defects. In particular, a "screen-like" array of 
interconnected voids was embedded in an iron sample. Alternatively, this could be 
considered as an interface containing a set of isolated, discrete contacts corresponding to the 
holes in the screen. Measurements of the frequency dependence of the reflection coefficient 
were found to be in good agreement with the QSM at frequencies sufficiently low that the 
wavelength was large with respect to the periodicity of the screen. At higher frequencies, the 
data showed a peak which was not reproduced by the QSM. It appears likely that this could 
be interpreted in terms of some sort of resonance. However, because of the interconnected 
nature of the voids, it was impossible to use the ISM to quantify this supposition. Detailed 
measurements were made of the L-L, T-T, and L-T reflection coefficients as a function of 
frequency and angle. Semi-quantitative agreement with the predictions of the QSM was 
observed in each case studied as long as the measurement frequency was significantly less 
than that of the broad resonance. Two possible choices of the mass term were considered in 
the QSM, but the predictions were only modestly influenced by this choice and the data did 
not unambiguously discriminate between the two options. Of particular interest was a sharp 
increase in the reflectivity as the angle of incidence approached grazing. Among the 
conclusions drawn from these studies were the following. 
The frequency dependence of the reflection from interfaces containing 
distributions of discrete contacts is very similar to that of interfaces containing 
distributions of discrete voids, exhibiting an initial linear increase followed by a 
broad peak. 
Enhanced reflectivity near grazing incidence is predicted well by the QSM, 
whereas it does not naturally follow from the ISM. 
Random Distribution of Nickel Inclusions in Plastic 
In the next set of experiments, small nickel spheres were randomly distributed in an 
internal plane in a thermoplastic specimen. Measurements of the reflection coefficient again 
showed an initial linear rise with frequency, followed by a broad peak. The former was 
predicted well by both the QSM and the ISM, whereas the latter was described only by the 
ISM. In this case, the mass term played a major role in determining the magnitude of the 
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reflection coefficient predicted by the QSM. In contrast to the observations on the sample 
with a periodic array of cylindrical voids, little unambiguous evidence for multiple scattering 
was observed, presumably due to the variability of the spacing between inclusions. Among 
the conclusions drawn from these experiments were the following. 
The mass term in the QSM can playa major role in setting the overall level of 
the reflection from a distribution of inclusions, particularly when they are denser 
than the host. 
The effects of multiple scattering are more subtle for random distributions of 
inhomogeneities than for periodic distributions. 
Random Distribution of Yttria Inclusions in INIOO 
In the final set of experiments, efforts were made to study the interaction of ultrasound 
with a planar distribution of microcracks. A sample was prepared using a standard technique 
for producing simulated cracks in diffusion bonded interfaces. In this procedure, a solution of 
yttria powder, suspended in a volatile fluid, is placed on the INIOO surface in regions in which 
bonding is to be inhibited. Past experience at several laboratories indicates that this is a 
reliable way to create disbonded regions on the order of millimeters. However, when the size 
of the solution droplets was reduced to simulate disbonds with dimensions on the order of 100 
microns, the reflection coefficient was found to be orders of magnitude smaller than predicted 
by both the QSM and ISM for a distribution of microcracks of that size. However, if it was 
assumed that the inhomogeneities acted as inclusions rather than microcracks, good 
agreement could be obtained. It was thus concluded that 
Standard techniques for experimentally producing simulated cracks can 
breakdown when the crack dimensions become significantly less than a 
millimeter. 
OTHER OBSERVATIONS 
Other studies have given further insight into the present capabilities of models. 
Included is data indicating deficiencies in the spring model in the prediction of signals 
scattered in non-specular directions [14] and the need for improved strategies to invert 
experimental data in terms of the properties of the interface. Some primitive ideas have 
emerged in the latter context. It has been noted that long-wavelength, specular measurements 
generally determine the value of a function of two dimensionless variables. These are the 
area fraction of the interface covered by inhomogeneities and the ratio of inhomogeneity 
spacing to wavelength. Thus multiple measurements are needed to characterize the interface. 
For example, observations of resonant responses can be used to obtain information on the 
characteristic dimensions of the inhomogeneities, while diffusely scattered fields contain 
information about their separation. It has also been noted that measurements of the spring 
constant in the QSM for both L and T waves can provide important information concerning 
the shape of inclusions. [15,16] 
FUTURE NEEDS 
Based on this present status, a number of future needs can be identified. These include 
the following. 
Models which combine the strengths of the QSM (complex inhomogeneity 
structures) and ISM (high frequency response). 
Models which treat the non-speCUlar components of the scattering. 
Models which treat the scattering from discrete contacts in a fashion analogous 
to the fashion that the ISM treats scattering from discrete voids and inclusions. 
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More complete understanding of multiple scattering effects. 
Inversion strategies for independently detennining values of the number density, 
diameter, aspect ratio, composition, and spatial distribution of the 
inhomogeneities. 
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